for the control of serogroup B meningococcal outbreaks on campuses (http://medcitynews.com/2014/02/second-college-campus-using-novartis-vaccine-meningitis-b-outbreak/).
Both the Pfizer and Novartis vaccines contain a novel antigen called factor H (FH)-binding protein (FHbp) that can be divided into two antigenically distinct subfamilies, A and B (6) . The Pfizer vaccine contains two recombinant FHbp lipoproteins, one from each subfamily. The Novartis vaccine contains a recombinant FHbp antigen from subfamily B (also called variant group 1) (7). This vaccine contains three other components capable of eliciting serum bactericidal antibody responses, recombinant NadA, recombinant Neisseria heparin-binding antigen (NHba) (8) , and outer membrane vesicles (OMV), which elicit a bactericidal antibody to PorA (9) . This multicomponent vaccine is referred to as the four-component meningococcal B or 4CMenB vaccine (10) .
FHbp specifically binds human complement FH (11) , which downregulates the alternative pathway (12) . In humans immunized with FHbp vaccines, the antigen is expected to form a complex with human FH. The Novartis FHbp antigen is presented as a fusion protein with a second antigen called GNA2091 (13) , which is not thought to contribute to bactericidal activity (14) . Infants immunized with the 4CMenB vaccine develop serum anti-FHbp bactericidal antibody responses (15, 16) . However, it is not known whether the responses to the FHbp fusion protein in 4CMenB are affected by human FH. To investigate this question experimentally, we compared the immunogenicity of the 4CMenB vaccine in human FH transgenic (Tg) mice and wild-type (WT) mice, whose own FH does not bind to FHbp. Figure 1 summarizes the serum IgG antibody responses, measured by enzyme-linked immunosorbent assay (ELISA), to two of the components of the 4CMenB vaccine, OMV and FHbp. For the 4CMenB-vaccinated groups, each symbol represents the reciprocal IgG titer of an individual animal. For the negative-control animals immunized with aluminum hydroxide adjuvant, each symbol represents the reciprocal IgG titer of a serum pool from three to six mice. There were no significant differences in the IgG antibody responses of the 4CMenB-vaccinated Tg or WT mice to the OMV (P Ͼ 0.24, Fig. 1A and B). In contrast, after dose 2, the IgG antibody responses of Tg mice to FHbp were 8-fold weaker than those of WT mice (reciprocal geometric mean titer [GMT] of 282 versus 2,285, P ϭ 0.003, Fig. 1C ) and 2.6-fold weaker after dose 3 (reciprocal GMT of 1,429 versus 3,658, P ϭ 0.008, Fig. 1D ).
RESULTS

4CMenB-vaccinated Tg mice have weaker serum IgG antibody responses to FHbp than WT mice and lower anti-FHbp serum bactericidal activity.
To investigate if human FH influenced complement-mediated bactericidal responses, we tested the serum samples against three serogroup B test strains. Each strain expressed only one antigen matching those in the 4CMenB vaccine (see Materials and Methods). Because of small volumes of serum were obtained after dose 2, we measured the bactericidal activity against each of the three strains in pooled serum. Figure 2 , left, depicts data from representative experiments measuring the survival of each of the test strains after incubation with a fixed concentration of human complement (20%) and different dilutions of the postdose 2 serum pools from Tg or WT mice. Against strain SK016 ( Fig. 2A) , which has all of the antigens mismatched to those in the 4CMenB vaccine except PorA P1.4, and strain 5/99 (Fig. 2C) , which has all of the antigens mismatched except for NadA, the respective bactericidal activities of the serum pools were not different from each other. In contrast, against strain H44/76 (Fig. 2E) , which has all of the antigens mismatched except for FHbp, there was no detectable bactericidal activity in the serum pool from the 4CMenB-vaccinated Tg mice (reciprocal titer for 50% survival, Ͻ10). In contrast, the serum pool from the immunized WT mice had high activity (reciprocal titer,~200). We also measured the bactericidal activities of individual postdose 2 serum samples (n ϭ 10 Tg and 9 WT mice with sufficient serum) against strain H44/76. A few of the Tg mice responded. The reciprocal GMT of the Tg mice was 9, compared to the 177 of the WT mice (P ϭ 0.004) (see Fig. S1 in the supplemental material).
We measured the postdose 3 bactericidal antibody titers in individual serum samples from 11 4CMenB-vaccinated mice in each group (Fig. 2B, D, and F ). There were no significant differ- WT mice immunized with the 4CMenB vaccine. For the 4CMenB-vaccinated mice, each symbol represents the serum antibody titer of an individual mouse as measured by ELISA. Orange circles, 4CMenB-vaccinated WT mice. Open squares, 4CMenB-vaccinated Tg mice. Gray circles and squares, serum pools from negative control WT or Tg mice, respectively, immunized with aluminum hydroxide alone. After dose 2, there were sufficient serum samples from 9 of the 11 mice in the WT group and 10 of the 11 mice in the Tg group for the assays. For the aluminum hydroxide adjuvant control group, each symbol represents the titer of a serum pool (three to six mice per pool). (A, B) Anti-OMV antibody titers. There were no significant differences between the respective GMTs of Tg and WT mice after dose 2 (A) or 3 (B) (P Ͼ 0. ences between the respective GMTs of antibodies of the 4CMenB-vaccinated Tg and WT mice against strain SK016 (Fig. 2B ) (P ϭ 0.19) or strain 5/99 (Fig. 2D ) (P ϭ 0.21). In contrast, against strain H44/76, the reciprocal GMT was 15-fold lower in the Tg than in the WT mice (84 versus 1,273, P ϭ 0.0006, Fig. 2F ).
Sera from 4CMenB-vaccinated Tg mice enhance binding of human FH to FHbp. In previous studies, we found that antiFHbp monoclonal antibodies (MAbs) that inhibited binding of FH to FHbp had greater complement-mediated bactericidal activity than anti-FHbp MAbs that did not inhibit FH binding (17) (18) (19) . The reason is that with less FH bound to the bacterial surface, there is less complement downregulation and greater bactericidal activity. To investigate the basis for the discordant bactericidal activity of the anti-FHbp antibodies elicited by the 4CMenB-vaccinated WT and Tg mice, we measured the ability of postdose 3 immunization serum to inhibit the binding of FH to FHbp.
By ELISA, the serum samples from the negative-control aluminum hydroxide-immunized mice showed only background inhibition of binding of FH to FHbp (Fig. 3A) . In the 4CMenB-vaccinated groups, the serum samples from the WT mice strongly inhibited the binding of FH to FHbp while the corresponding serum samples from the Tg mice enhanced FH binding (negative inhibition, Fig. 3B ). Because of the unexpected enhancement of FH binding, we measured the inhibition of FH binding by control serum samples from additional groups of WT and Tg mice immunized with three doses of a recombinant FHbp vaccine that bound human FH (prepared as previously described) (20) . The serum samples from the vaccinated WT mice inhibited FH binding to FHbp, while the corresponding serum samples from the vaccinated Tg mice enhanced FH binding (Fig. 3C) . In contrast, control serum samples from groups of Tg and WT mice immunized with a mutant low-FH-binding recombinant FHbp vaccine containing one amino acid substitution (R41S) (20) both inhibited FH binding to FHbp (Fig. 3D) . Thus, the enhancement of FH binding to FHbp by the serum samples from the immunized Tg mice was specific for FHbp vaccines that strongly bound human FH.
To verify the respective FH inhibitory activities of the different serum pools, we measured the inhibition of FH binding to the surface of live bacteria by flow cytometry (Fig. 4) . We used strain (Fig. 4D) .
Sera from 4CMenB-vaccinated Tg mice contain IgM antibodies reactive with human FH. A theoretical risk of immunizing with a foreign antigen (FHbp) that forms a complex with a host protein (human FH) is the development of autoreactive antibodies to the host protein. We therefore measured the ability of serum antibodies from the 4CMenB-vaccinated mice to bind to human FH by ELISA. There was no significant IgG reactivity to FH in the serum samples from the 4CMenB-vaccinated Tg or WT mice (data not shown). There also was no significant IgM antibody binding in serum samples from the immunized WT mice (data not shown). However, 2 of 11 Tg mice immunized with the 4CMenB vaccine had elevated serum IgM reactivity to human FH when tested at a serum dilution of 1:100 (Fig. 5A) . The elevated IgM anti-FH reactivity could be detected at serum dilutions of up to 1:700 (Fig. 5B) .
At a 1:100 dilution, the IgM reactivity with FH in the serum samples from the two 4CMenB-vaccinated Tg mice was inhibited to background levels by the addition of 25 g/ml of soluble FH (Fig. 6A, There were insufficient preimmunization serum samples available from the two Tg mice with postimmunization serum IgM FH reactivity to determine whether reactivity was present before vaccination. However, we measured IgM FH reactivity in serum samples from the six control Tg mice immunized with the aluminum hydroxide adjuvant alone and eight control unvaccinated Tg mice. At a 1:100 dilution, the serum samples from all eight unvaccinated mice had very low IgM FH binding (OD of 0.1 or less; representative data for four unvaccinated mice, Fig. 6C ). The serum samples from the six Tg mice immunized with the aluminum hydroxide adjuvant alone had slightly higher IgM binding (OD of 0.2 to 0.4, Fig. 6B ). In three of these serum samples (from mice 14 to 16), the low-level serum IgM binding was partially inhibited by the addition of purified human FH but not by the recombinant FH domain inhibitors. These data suggest that the majority of the low-level serum IgM FH binding in mice immunized with the adjuvant only is not specific. Further, the portion of FH binding that may be specific is directed at FH domains that are different from those in the serum samples from the two 4CMenB-vaccinated mice with IgM anti-FH reactivity.
DISCUSSION
The search for noncapsular serogroup B vaccine candidates is necessitated by observations that antibodies to the serogroup B capsular polysaccharide cross-react with glycosylated mammalian proteins such as the neural cell adhesion molecule (2) and the desire to avoid safety concerns from using a vaccine antigen with autoreactivity. While none of the new meningococcal protein vaccine candidates are known to elicit antibodies that cross-react with host antigens, after clinical trials had begun, FHbp (previously called GNA 1870 [7] or LP2086 [23] ) was discovered to bind to the complement inhibitor FH (24) in a human-specific manner (11) .
In this study, we used a previously characterized human FH Tg BALB/c mouse line (20) to investigate the effect of human FH on the immunogenicity of the FHbp fusion protein contained in the 4CMenB vaccine. Our most important findings were that, compared with WT mice, whose own FH does not bind to FHbp, the Tg mice had weaker serum IgG anti-FHbp antibody responses and weaker serum bactericidal antibody responses against a serogroup B strain with all of the antigens mismatched to the 4CMenB vaccine except FHbp.
The mechanism responsible for the lower FHbp immunogenicity in the Tg mice is not known. Conceivably, presenting FHbp in a complex with human FH adversely affects antigen presentation. Another possibility is that the vaccine activates complement, which results in C3 fragment deposition on the antigens. In other systems, C3 fragments bound to an antigen can have adjuvant activity (25) (26) (27) . In Tg mice, the presence of human FH in a complex with the FHbp vaccine antigen would downregulate the deposition of C3 fragments and result in lower C3 adjuvant activity and weaker antibody responses. This hypothesis merits further investigation.
The effect of human FH on decreasing serum anti-FHbp bactericidal antibody responses in the 4CMenB-vaccinated Tg mice appeared to be disproportionately greater than the decrease in IgG anti-FHbp antibody responses (after dose 3, 15-fold lower bactericidal antibody titers than in WT mice, with a corresponding 2.6-fold decrease in IgG titers). FHbp is relatively sparsely exposed on many meningococcal strains (18) . In previous studies, a critical determinant of anti-FHbp bactericidal activity was the ability of low-level C3b deposited by activation of the classical pathway to be amplified by the alternative pathway (17) , which was enhanced if the anti-FHbp antibodies inhibited the binding of FH to FHbp (17) . In the present study, we found that while the serum antiFHbp antibodies elicited by 4CMenB vaccination of WT mice inhibited the binding of FH to FHbp, the corresponding antibodies elicited in the Tg mice enhanced FH binding. These data suggested that the anti-FHbp antibody repertoire of the Tg mice was skewed toward FHbp epitopes outside the FH combining site. The basis for the enhanced FH binding by the postimmunization serum samples from the Tg mice is not known. Conceivably, binding of antibodies to certain FHbp epitopes can result in conformational changes in FHbp that rendered the molecule more accessible for FH binding. For example, in a previous study, the binding of an anti-FHbp MAb (MAb 502) to FHbp enhanced FH binding (28) . On the basis of nuclear magnetic resonance data, Scarselli et al. found that the binding of this MAb to FHbp increased the accessibility of certain FHbp residues, such as Ala206 and Val207 (29) , that have been implicated in FH binding (30, 31) .
In the present study, two human FH Tg mice immunized with the 4CMenB vaccine developed serum IgM antibodies reactive with human FH. The majority of the IgM reactivity was inhibited by the FH domain 6,7/Fc fragment, which is the portion of FH that binds specifically to meningococcal FHbp (30) . While it might be counterintuitive that the presence of FHbp bound with FH induces antibodies against the FH domains that bind to FHbp, a likely explanation is that the anti-FH antibodies are directed at amino acid residues in domains 6 and 7 that are not in contact with FHbp. The serum IgM reactivity of the two mice was also partially inhibited by FH domains 18 to 20. While FH domains 18 to 20 have been reported to interact with FH ligands in other bacteria, such as Streptococcus pyogenes (32) or Haemophilus influenzae (33), these domains do not bind directly to N. meningitidis (34) . However, when FH is bound, full-length FH may have a folded-back structure where the N and C termini are adjacent (35) . Thus, multiple sites in FH may be in close proximity to FHbp and create neoepitopes that are not entirely predictable on the basis of known structures.
FH is the main alternative complement pathway inhibitory protein in human plasma, and serum IgG autoantibodies to FH can result in functional FH deficiency (36, 37) . IgG autoantibodies to FH are found at an increased frequency in patients with atypical hemolytic-uremic syndrome (38) (39) (40) , which is a rare disease characterized by microangiopathic hemolytic anemia, thrombocytopenia, and acute renal failure. Serum FH autoantibodies are also found at an increased frequency in patients with certain rheumatoid diseases (41) . In the present study, the anti-FH antibodies in serum samples from 4CMenB-vaccinated human FH Tg mice were limited to IgM, which may be transient and not have clinical importance. However, a class switch from IgM to IgG can rarely occur and would have greater disease potential. It is important to emphasize that our data are from a Tg mouse model that may be more susceptible to developing autoantibodies to human FH than immunized humans are. Extensive safety studies with humans have not identified evidence of functional FH deficiency or atypical hemolytic-uremic syndrome associated with FHbpcontaining vaccines. The importance of our 4CMenB findings in the Tg mice is that the data underscore a theoretical concern that vaccination of humans with FHbp antigens that bind to human FH may induce anti-FH autoantibodies. Therefore, the presence of such antibodies should be investigated in serum samples from vaccinated humans.
In previous studies, mutant FHbp vaccines with low binding to human FH circumvented the limitations of decreased immunogenicity of FHbp vaccines that bind human FH (20, (42) (43) (44) . These data, together with the possibility that FHbp vaccines that bind human FH may elicit anti-FH autoantibodies, suggest that mutant FHbp antigens with low FH binding offer the prospect of developing safer and more effective FHbp-based meningococcal vaccines.
MATERIALS AND METHODS
Mice. The protocols were approved by the Institutional Animal Care and Use Committees at Children's Hospital Oakland Research Institute (CHORI). The human FH Tg BALB/c mouse line has been previously described (20) . The transgene contains a cytomegalovirus (CMV) enhancer, a chicken ␤-actin promoter, and cDNA encoding the full-length human FH protein. The CMV enhancer and chicken ␤-actin promoter achieved high levels of human FH expression that approximate human serum FH concentrations (20) . At approximately 5 weeks of age, the animals were bled via the facial vein to measure concentrations of human FH in serum with an FHbp capture ELISA, which was performed as previously described (20) . In our previous study, we found an inverse correlation between human FH concentrations in serum and serum bactericidal antibody responses to a recombinant FHbp vaccine that bound human FH (20) . Therefore, only Tg mice with human FH concentrations in serum of Ն240 g/ml were included in the present study. These concentrations are similar to those found in human serum. WT BALB/c mice were purchased from Charles River Laboratories (Wilmington, MA) and housed at the CHORI facility for 3 weeks before the immunogenicity protocol was begun.
Vaccines. 4CMenB vaccine was purchased in the United Kingdom, where the vaccine is licensed. A human dose (0.5 ml) contains 50 g each of three recombinant proteins. These proteins are combined with 25 g of OMV from N. meningitidis group B strain NZ98/254 and adsorbed with aluminum hydroxide (0.5 mg Al 3ϩ per human dose).
Mouse immunogenicity. Beginning at 7 to 12 weeks of age, WT and Tg mice (n ϭ 12 per group) were immunized with three intraperitoneal doses of 4CMenB at 3-week intervals. The dose used was one-fifth of the human dose. During the study, two animals (1 WT and 1 Tg) died from causes that did not appear to be related to vaccination, leaving 11 animals in each group. Control WT and Tg mice (n ϭ 6 per group) were immunized with aluminum hydroxide without a vaccine antigen at a dose of 0.1 mg Al 3ϩ (to match that in one-fifth of the human dose of 4CMenB). Blood samples were obtained from the facial vein 2 weeks after the second dose, and via cardiac puncture 2 weeks after the third dose, at which time the animals were euthanized. Serum samples were stored frozen at Ϫ70°C until use. All serum samples were heated at 56°C for 30 min to inactivate internal complement.
Serum IgG antibody responses. The ELISA for measurement of titers of IgG antibody to FHbp in serum, which has been previously described (44) , used recombinant FHbp (ID 1) as the target antigen. For measurement of serum anti-OMV titers, we prepared detergent-extracted OMV from a mutant of N. meningitidis strain NZ98/254 in which the gene encoding FHbp had been inactivated (45) . The OMV procedure has been described previously in detail (46) . In brief, bacteria were grown for 5 h in Frantz medium. The cells were resuspended in 0.1 M Tris-HCl containing 10 mM EDTA and 0.5% sodium deoxycholate to extract OMV. The OMV was isolated by ultracentrifugation for 2 h at 100,000 ϫ g, resuspended in 3% sucrose, and stored frozen at Ϫ20°C until use. The anti-OMV ELISA was performed as previously described for the measurement of IgG antibodies to FHbp, except that for the anti-OMV antibody titers, the wells of the microtiter plate were incubated with 5 g/ml of the OMV diluted in phosphate-buffered saline for 48 h at 4°C instead of 2 g/ml of FHbp overnight at 4°C.
Serum bactericidal antibody activity. The serum bactericidal antibody activity assay was performed as previously described (17) , except that bacteria were grown to mid-exponential phase in Frantz medium supplemented with 4 mM D,L-lactate (Sigma catalog no. L-1250) and 2 mM CMP-N-acetylneuraminic acid (Carbosynth catalog no. MC04931). The complement for the bactericidal assay was IgG-depleted human serum prepared as previously described (20) . The bactericidal antibody titer was the dilution of serum that resulted in 50% fewer CFU/ml than the number of CFU/ml in negative-control wells after 60 min of incubation.
N. meningitidis test strains. We used three serogroup B strains, each mismatched for three of the four antigens in the 4CMenB vaccine. Two of the strains, H44/76 and 5/99, have been previously characterized and used to measure FHbp-and NadA-specific 4CMenB bactericidal activity, respectively (15, 16) . The third strain, SK016 (sequence type 103 complex), has PorA P1.7-2,4, which matches the OMV of 4CMenB. This strain lacks the gene for NadA, has FHbp ID 25 in subfamily A, and is resistant to complement-mediated bactericidal activity of serum samples from mice immunized with recombinant NHba. We confirmed that all three strains were killed by human complement only with the specific mouse antiserum or anti-PorA MAb that matched the vaccine antigen.
Human FH. Purified human FH was purchased from Complement Technology, Inc. (Tyler, TX). According to the manufacturer, the preparation is 97% pure on the basis of SDS-PAGE. Trace contaminants may include human IgG, IgA, IgM, factor I, factor B, factor P, C3, C4, and albumin.
Inhibition of binding of human FH. The ability of serum anti-FHbp antibodies to inhibit the binding of human FH to FHbp was measured by ELISA as previously described (20) . In brief, 2 g/ml of recombinant FHbp was added to wells of a microtiter plate and incubated overnight at 4°C. After aspiration and blocking, serial dilutions of the test serum samples were added to the plate together with a fixed concentration (1.5 g/ ml) of purified human FH. The plates were incubated at room temperature for 2 h. After washing, bound human FH was detected with a sheep anti-human FH antibody (ab8842; Abcam), followed by donkey antisheep IgG (whole molecule) conjugated to alkaline phosphatase (Sigma catalog no. A5187). The percent inhibition of FH binding in the presence of serum antibody was calculated by comparison with human FH bound in the absence of mouse serum.
The ability of serum anti-FHbp antibodies to inhibit the binding of human FH to the bacterial surface was also measured on live bacteria of strain H44/76 by flow cytometry (17) . After the bacteria were washed, bound FH was detected as described above for the ELISA, except that we used a donkey anti-sheep IgG (HϩL) antibody (Invitrogen catalog no. A11015) conjugated with Alexa Fluor 488.
Serum antibody reactivity with human FH. Binding of serum IgG and IgM antibodies to human FH was measured by ELISA. The assay was performed as described above for serum titers of IgG antibody to FHbp, except that wells of a microtiter plate were coated with human FH (5 g/ml incubated overnight at 4°C). After aspiration and blocking, diluted test serum samples were added. Bound IgG was detected with goat anti-mouse IgG (whole molecule) conjugated with alkaline phosphatase (Sigma) and bound IgM was detected with goat anti-mouse IgM ( chain specific) conjugated with alkaline phosphatase (Sigma). In some experiments, we investigated whether the addition of soluble recombinant human FH domains 6 and 7 or 18 to 20 fused to human IgG1 Fc (FH6,7/Fc or FH18-20/Fc, respectively) inhibited serum anti-FH reactivity. The recombinant fragments (provided by Jutamas Shaughnessy, University of Massachusetts School of Medicine, Worcester) were similar to those previously described (47) , except that the mouse IgG2a Fc had been replaced with human IgG1 Fc. As a negative-control inhibitor, we used a human IgG1 kappa myeloma protein (AG502; Millipore).
Statistical analyses. For calculation of geometric mean titers, IgG and bactericidal antibody titers were transformed (log 10 ). We used a nonparametric (Mann-Whitney) test to compare the respective antibody titers of two independent groups of mice. A two-tailed P value of Յ0.05 was considered statistically significant.
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